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collateral ligaments (MCLs), similar to aging (Thornton et al., 2015a). The MCLs from adult rabbits that
underwent OVH surgery as adolescents (15-week-old) and adults (1-year-old) were compared by eval-
uating mechanical behaviour (adolescent OVH, n¼8; adult OVH, n¼7; normal, n¼7), gene expression
(adolescent OVH, n¼9; adult OVH, n¼8; normal, n¼8), and collagen and glycosaminoglycan (adolescent
OVH, n¼9; adult OVH, n¼8; normal, n¼8) and water (adolescent OVH, n¼9; adult OVH, n¼8; normal,
n¼8) content. Mechanical behaviour evaluated cyclic, static and total creep strain, and ultimate tensile
strength, modulus and failure strain. The RT-qPCR assessed mRNA levels for matrix regulatory genes.
Adult OVH MCLs exhibited increased cyclic creep and failure strain, and decreased modulus with
increased mRNA levels for lubricin/PRG4 and collagen I compared with normal MCLs. Adolescent OVH
MCLs exhibited increased cyclic, static and total creep strain with decreased mRNA levels for the pro-
gesterone receptor. Lubricin/PRG4 plays a role in the lubrication of collagen fascicles which is likely
related to the decreased modulus and increased failure strain observed in ligaments from adult OVH
rabbits. Progesterone and its receptor are thought to play a role in the stretching of ligaments in pelvic
organ prolapse and pregnancy which is likely related to the increase in creep strain observed in liga-
ments from adolescent OVH rabbits. Ovariohysterectomy in adult rabbits resulted in changes that were
consistent with the aging MCL.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Female menopause is characterized by a decrease in ovarian
hormone production (estrogen and progesterone) and a reciprocal
increase in pituitary hormone production (Burger, 1996). In
developed countries, the onset of menopause occurs typically
between the ages of 50–52 years and brings with it an increased
risk of cardiovascular disease, osteoporosis and possibly osteoar-
thritis (Lobo et al., 2014). Estrogen and progesterone receptors
have been identiﬁed in ligaments; for example, human anterior
cruciate ligament (ACL) (Liu et al., 1996; Sciore et al., 1998), andLtd. This is an open access article u
ne and Joint Health, Depart-
Research Innovation Centre,
4Z6. Tel.: þ1 403 220 2296;
hornton).rabbit ACL and medial collateral ligament (MCL) (Sciore et al.,
1998). Correspondingly, ligament mechanical properties may be
affected by hormonal changes, such as those associated with
menstrual cycles, pregnancy and menopause. Alterations in the
mechanical behaviour of ligaments can lead to ligament damage
accumulation, abnormal joint loading, decreased joint function
and contribute to progression of osteoarthritis.
Previous studies on estrogen and ligament failure properties
have examined the effect of ovariectomy on adult animals, thereby
exposing the mature ligament to decreased levels of estrogen. In
MCLs and ACLs from adult sheep (Strickland et al., 2003), ovar-
iectomy did not affect failure force, stiffness or ultimate tensile
strength (UTS). In ACLs from adult monkeys (Wentorf et al., 2006),
ovariectomy did not affect failure force, stiffness, failure elonga-
tion, UTS, modulus or failure strain. In adult rabbits that under-
went ovariectomy surgery as late post-pubertal adolescents (21-
week-old), Räsänen and Messner (2000) found no effect ofnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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studies focused on high-load mechanical behaviour, like failure,
rather than low-load mechanical behaviour, like creep.
Our recent study regarding the effect of aging on rabbit MCLs
revealed that modulus was decreased and failure strain was
increased comparing MCLs from 3-year-old with 1-year-old rab-
bits. These age-related mechanical changes were associated with
increased lubricin/proteoglycan 4 (PRG4) gene expression which
may have implications for ligament function through increased
collagen fascicle lubrication (Thornton et al., 2015a). We had yet to
evaluate the timing of OVH on failure properties other than UTS
(Thornton et al., 2015b), like modulus and failure strain, where
decreased modulus could indicate accumulation of damage or
increased potential for damage.
Collagen ﬁbril diameters in rabbit MCLs achieved the typical
bimodal distribution by 14 weeks of age and maintained that
bimodal distribution at 1 year of age while MCL volume and
weight increased (Lo et al., 2004). The mRNA levels for collagens (I,
III, V) and biglycan decreased while those for decorin increased
from 14-week-old to 1-year-old rabbit MCLs, suggesting potential
roles in arrest of collagen ﬁbril diameter growth (Lo et al., 2004). In
rabbits, puberty occurs around 12–14 weeks of age (Achari et al.,
2008). Ovariohysterectomy in early post-pubertal adolescents (15-
week-old) may affect the MCL at this stage which has not reached
its ﬁnal volume or weight but has reached a bimodal collagen ﬁbril
diameter distribution.
In this study, we examined MCLs from adult rabbits that had
undergone OVH surgery as early post-pubertal adolescents (15-
week-old) or adults (1-year-old). Our purpose was to examine the
effect of timing of ovariohysterectomy (OVH) on MCLs by com-
paring creep behaviour (cyclic, static and total creep strain), failure
behaviour (modulus, failure strain, UTS), molecular expression of
genes of interest (collagens, proteoglycans, hormone receptors,
matrix metalloproteinases and their inhibitors), and biochemical
assessments (water, collagen and glycosaminoglycan content). Our
ﬁrst hypothesis was that MCLs from adult OVH rabbits would
exhibit increased failure strain, decreased modulus and increased
lubricin/PRG4 gene expression compared with MCLs from normal
rabbits, similar to the ﬁndings associated with aging in this pre-
clinical model. Our second hypothesis was that MCLs from early
post-pubertal adolescent OVH rabbits would have no change in
modulus or failure strain but would have increased creep strain
compared with MCLs from normal rabbits.2. Methods
The MCLs from female New Zealand White rabbits were used in this study
approved by the University of Calgary Animal Care Committee. Two groups
underwent ovariohysterectomy (OVH) surgery where the ovaries and uterus are
removed because both affect estrogen levels in rabbits. In the adolescent OVH
group, the OVH surgery was performed on 15-week-old rabbits and assessments
were performed at a minimum of 48 weeks of age. In the adult OVH group, the OVH
surgery was performed on 1-year-old rabbits and assessments were performed at a
minimum of 14 weeks post-OVH. The MCLs from seventeen adolescent OVH rabbits
underwent mechanical (n¼8), molecular (n¼9), collagen and glycosaminoglycan
(GAG) content (n¼9) and water content (n¼9) assessments. The MCLs from
eighteen adult OVH rabbits underwent mechanical (n¼7), molecular (n¼8), col-
lagen and GAG content (n¼8) and water content (n¼8) assessments. The MCLs
from ﬁfteen normal (1-year-old) rabbits underwent mechanical (n¼7), molecular
(n¼8), collagen and GAG content (n¼8) and water content (n¼8) assessments as
previously reported (Thornton et al., 2015a). The complete MCL was evaluated for
the mechanical and water content assessments. For the molecular and biochemical
assessments, the middle portion of the MCL was used for the molecular evaluation,
and even distributions of the anterior and posterior portions of the MCL were used
for collagen and GAG content evaluations. The MCL used for molecular and bio-
chemical assessments was contralateral to the MCL used for water content
assessment except for 2 cases where it was contralateral to the MCL used for
mechanical assessments and 3 cases where it was contralateral to an MCL used in a
different study. Likewise, the MCL used for water content assessments wascontralateral to the MCL used for molecular and biochemical assessments except
for 5 cases where it was contralateral to an MCL used in a different study. Also, the
remaining MCLs that were contralateral to the MCLs for mechanical assessments
were used in a different study.
2.1. Mechanical
Hindlimbs were dissected and the menisci and ligaments were left intact. To
accommodate the grips, the femur was cut 30 mm proximal to the MCL insertion
and the tibia was cut at the ﬁbula–tibia junction. First, the tibia was cemented
(polymethylmethacrylate) in the upper grip before being mounted in series with a
500 N load cell. The MCL was aligned with the load axis of the actuator (MTS
Systems Corporation, Minneapolis, MN, USA) and the force was zeroed. Next, the
femur was cemented in the lower grip with the knee at approximately 70° of
ﬂexion and the displacement was zeroed.
After completing two compression–tension cycles from 5 N to þ2 N, the
lateral collateral ligament, medial and lateral meniscus, and anterior and posterior
cruciate ligaments were removed to isolate the MCL. Two additional compression–
tension cycles were completed stopping at þ0.1 N to establish “ligament zero” and
the displacement was zeroed. The MCL midsubstance cross-sectional area was
measured using area calipers (Shrive et al., 1988) and the MCL length was measured
using digital calipers. After the environment chamber equilibrated (37 °C and 99%
relative humidity), two additional compression–tension cycles were used to re-
establish “ligament zero”.
The MCL underwent 30 cycles at 1 Hz from 0.1 N to a force corresponding to
4.1 MPa for cyclic creep. The MCL was held at a force corresponding to 4.1 MPa for
20 min for static creep. Following a 20-min recovery period, the MCL was elongated
to failure at 20 mm/min.
Strain was deformation divided by MCL length. Cyclic creep strain was the
increase in strain from the peak of the ﬁrst cycle to the peak of the 30th cycle in the
cyclic creep test. Static creep strain was the increase in strain from the start to the
end of the 20-min static creep test. Total creep strain was the increase in strain
from the peak of the ﬁrst cycle in the cyclic creep test to the end of the 20-min
static creep test. Failure strain was deformation at failure force divided by MCL
length and UTS was failure force divided by MCL cross-sectional area. Modulus was
calculated as the slope of the linear regression of the upper 50% of the failure
stress–strain curve.
2.2. Molecular
Tissues were dissected, immediately frozen in liquid nitrogen, and powdered
with a Braun Dismembrator (B. Braun Biotech Inc., Allentown, PA, USA). Total RNA
was isolated using the TRIspin method (Reno et al., 1997) and quantiﬁed on a
Turner 450 ﬂuorescence spectroﬂuorometer (Barnstead/Thermolyne, Dubuque, IA,
USA) with a standard of calf liver ribosomal RNA. Total RNA (1 μg) was reverse
transcribed using an Omniscript RT kit (Qiagen Inc., Valencia, CA, USA). Aliquots
were used in real-time RT-qPCR using primers for the target genes (Table 1). The
RT-qPCR was performed in an iCycler (Bio-Rad, Hercules, CA, USA) using iQ SYBR
Green Supermix (Bio-Rad). Values for individual genes were normalized and
expressed as relative to 18S.
2.3. Biochemical
2.3.1. Water content
The MCL was weighed immediately on a microbalance to obtain the wet weight
and then dried under vacuum until the dry weight ceased to change (Funakoshi et
al., 2007). Water content was calculated as the difference in ligament wet weight
and dry weight divided by wet weight and then expressed as a percentage.
2.3.2. Collagen and glycosaminoglycan (GAG) content
2.3.2.1. Collagen assay. The collagen content was determined using the Sircol Col-
lagen Assay (Accurate Chemical & Scientiﬁc Corporation, Westbury, NY, USA). Fol-
lowing the kit protocol, collagen was extracted from the tissues with a 1.0 mL ali-
quot of 0.1 mg pepsin/mL 0.5 M acetic acid and the extraction was carried out
overnight at 4 °C. The extraction was repeated with an additional 1.0 mL aliquot of
the pepsin/acetic acid solution and the two extractions were combined. An aliquot
of 1.0 mL of the combined extraction was used for each assay. Aliquots (200 mL) of
the ﬁnal supernatant were transferred to a 96-well plate and analyzed with a
micro-plate plate reader at 550 nm (Bio-Rad Benchmark Plus Microplate Spectro-
photometer with Bio-Rad Software Microplate Manager 5.2). Collagen content was
determined from the standard curve and expressed as mg Collagen/mg wet weight.
2.3.2.2. GAG assay. The glycosaminoglycan (GAG) content was determined using
the Blyscan Sulfated Glycosaminoglycan Assay (Accurate Chemical & Scientiﬁc
Corporation, Westbury, NY, USA). Following the kit protocol, tissues were digested
with 1.0 mL of papain buffer and the digestion was carried out overnight at 65 °C.
An aliquot of 100 mL of the digestion was used to continue as per instructions in the
Table 1
Primers.
Target Forward Reverse
Biglycan gatggcctgaagctcaa ggttgttgaagaggctg
Collagen I gatgcgttccagttcgagta ggtcttccggtggtcttgta
Collagen III ttataaaccaacctcttcct tattatagcaccattgagac
Collagen V gaggagaaccaggaataacc gcacctttctctccgatgcc
Decorin tgtggacaatggttctctgg ccacattgcagttaggttcc
Estrogen Receptor gtgtctgtgatcttgtcc ctccatgatcaggtccac
MMP-1 gcagttgagaagctgaagca ccatcaatgtcatcctgagc
MMP-3 gccaagagatgctgttgatg aggtctgtgaaggcgttgta
MMP-13 ttcggcttagaggtgacagg actcttgccggtgtaggtgt
Progesterone Receptor ccacagtacagcttcgagtc gaggacaccataatgacagc
Lubricin/PRG4 gaacgtgctataggaccttc cagactttggataaggtctgcc
TIMP-1 gcaactccgaccttgtcatc agcgtaggtcttggtgaagc
TIMP-2 gtagtgatcagggccaaag ttctctgtgacccagtccat
TIMP-3 tctgcaactccgacatcgtg cggatgcaggcgtagtgtt
18S tggtcgctggctcctctcc cgcctgctgccttccttgg
MMP, matrix metalloproteinase.
PRG, proteoglycan.
TIMP, tissue inhibitor of metalloproteinase.
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with a micro-plate plate reader at 656 nm (Bio-Rad Benchmark Plus Microplate
Spectrophotometer with Bio-Rad Software Microplate Manager 5.2). GAG content
was determined from the standard curve and expressed as mg GAG/mg wet weight.
2.4. Statistical analysis
When data followed a normal distribution by Shapiro–Wilk tests, ANOVA with
linear contrasts was used to compare data from MCLs from normal, adolescent OVH
and adult OVH rabbits. When data did not follow a normal distribution by Shapiro–
Wilk tests, then Kruskal–Wallis tests with Conover post-hoc analyses were used.3. Results
3.1. Effect of adult OVH
Comparing MCLs from adult OVH rabbits with MCLs from
normal rabbits, cyclic creep strain was increased (p¼0.03; Fig. 1a)
but differences in static and total creep strain were not detected
(pZ0.5). Modulus was decreased for MCLs from adult OVH rabbits
compared with MCLs from normal rabbits (p¼0.05; Fig. 1b) with
no difference in UTS detected (p¼0.3; Fig. 1c). Comparing MCLs
from adult OVH rabbits with MCLs from normal rabbits, failure
strain was increased with and without the outlier (p¼0.08 and
p¼0.03, respectively; Fig. 1d).
In MCLs from adult OVH rabbits, mRNA levels for lubricin/PRG4
and collagen I were increased compared with MCLs from normal
rabbits (pr0.05; Fig. 2a and b). None of the other genes evaluated
exhibited detectable differences comparing MCLs from adult OVH
and normal rabbits (pZ0.1).
No differences were detected in collagen, GAG and water con-
tent comparing MCLs from adult OVH and normal rabbits (pZ0.2;
Fig. 3).
3.2. Effect of adolescent OVH
Comparing MCLs from adolescent OVH rabbits with MCLs from
normal rabbits, all creep strains (cyclic, static, total) were
increased (pr0.05; Fig. 1a). Modulus, failure strain and UTS did
not exhibit detectable differences comparing MCLs from adoles-
cent OVH and normal rabbits (pZ0.1; Fig. 1b–d).
Comparing MCLs from adolescent OVH rabbits with MCLs from
normal rabbits, mRNA levels for progesterone receptor were
decreased (p¼0.002; Fig. 2c). None of the other genes evaluatedexhibited detectable differences comparing MCLs from adolescent
OVH and normal rabbits (pZ0.2).
No differences were detected in GAG and water content com-
paring MCLs from adolescent OVH and normal rabbits (pZ0.2).
Collagen content showed no detectable difference when all of the
data was considered but did have a detectable increase when
outliers were removed comparing MCLs from adolescent OVH and
normal rabbits (p¼0.04; Fig. 3a).
3.3. Timing of OVH
Comparing MCLs from adolescent OVH rabbits with MCLs from
adult OVH rabbits, static and total creep strain were increased
(pr0.05; Fig. 1a) with no difference detected for cyclic creep
strain (p¼0.2). Modulus, failure strain and UTS did not exhibit
detectable differences with the timing of OVH (pZ0.2; Fig. 1b–d).
Comparing MCLs from adolescent OVH rabbits with MCLs from
adult OVH rabbits, mRNA levels for progesterone receptor were
decreased (p¼0.0003; Fig. 2c). In MCLs from adolescent OVH
rabbits, mRNA levels for lubricin/PRG4, collagen I and decorin
were decreased compared with MCLs from adult OVH rabbits
(pr0.05; Fig. 2a, b and d). None of the other genes evaluated
exhibited detectable differences with the timing of OVH (pZ0.1).
Comparing MCLs from adolescent OVH rabbits with MCLs from
adult OVH rabbits, water content was decreased with and without
the outlier (p¼0.06 and p¼0.02, respectively; Fig. 3b). No differ-
ences were detected in GAG content with the timing of OVH
(p¼0.7). Collagen content showed no detectable difference when
all of the data was considered but did have a detectable increase
when outliers were removed comparing MCLs from adolescent
and adult OVH rabbits (p¼0.03; Fig. 3a).4. Discussion
Adult ligaments responded to ovariohysterectomy with
increased cyclic creep strain and failure strain, and decreased
modulus along with increased mRNA levels for lubricin/PRG4 and
collagen I. Adolescent ligaments responded to ovariohysterectomy
with increased cyclic, static, and total creep strain along with
decreased mRNA levels for progesterone receptor. Timing of the
OVH surgery in early post-pubertal adolescence compared with
adulthood resulted in increased static and total creep strain,
decreased mRNA levels for lubricin/PRG4, collagen I, progesterone
receptor and decorin, and decreased water content.
Failure strain was increased and modulus was decreased in
MCLs after 14 weeks of surgical menopause in adult rabbits.
Decreased modulus was a marker of damage in long-term loading
of normal and healing ligaments (Thornton et al., 2007; Thornton
and Bailey, 2012). Decreased modulus and increased failure strain
were observed previously in aging ligaments in this model
(Thornton et al., 2015a). Total creep strain and UTS were not dif-
ferent comparing MCLs from adult OVH and normal rabbits in the
current study and this was consistent with the ﬁndings of the
Thornton et al. (2015b) study where total creep strain and UTS
were the only mechanical properties reported. The consequence of
decreased modulus due to menopause could indicate the potential
for damage to accumulate more readily or that damage has already
accumulated. Additionally, the observed mechanical similarities
between the aging model (Thornton et al., 2015a) and our current
adult OVH model may indicate that induced surgical menopause
potentially accelerates the aging process in rabbit MCLs.
Lubricin/PRG4 gene expression was increased in MCLs after 14
weeks of surgical menopause in adult rabbits. Similar to decreased
modulus and increased failure strain, increased lubricin/PRG4
gene expression was also observed previously in aging ligaments
Fig. 1. Mechanical Properties of MCLs from adolescent OVH, normal, and adult OVH rabbits: (A) creep strain, (B) modulus, (C) ultimate tensile strength, (D) failure strain.
OVH, ovariohysterectomy. Normal MCL data from Thornton et al. (2015a). The diamond symbol on the boxplot indicates an outlier. *pr0.05; p^¼0.08 with outlier and
p¼0.03 without outlier.
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of surgical menopause on lubricin/PRG4 gene expression has
received little attention, McDaniel et al. (2014) demonstrated,
using immortalized baboon cells from articular discs of the tem-
poromandibular joint, that 17β-estradiol treatment repressed
lubricin/PRG4 gene expression compared to non-treated cells. The
ﬁnding of the current study that surgical menopause resulted in
greater lubricin gene expression is consistent with that of McDa-
niel et al. (2014) where cells not treated with estradiol had greater
lubricin gene expression. Furthermore, considering that lubricin/
PRG4 is an interfascicular lubricant (Lee et al., 2008; Funakoshi et
al., 2008) and increased lubricin/PRG4 gene expression was asso-
ciated with decreased modulus in adult OVH MCLs, estrogen
withdrawal may lead to increased ligament damage accumulation
and potential for injury.
Despite the observed similarities, there were also differences
when comparing the aging and adult OVH models. Aging MCLs
exhibited decreased estrogen receptor and matrix
metalloproteinase-1 (MMP-1) and increased tissue inhibitor of
metalloproteinase-3 (TIMP-3) gene expression compared with MCLs
from 1-year-old rabbits (Thornton et al., 2015a); whereas, adult OVH
MCLs exhibited increased collagen I gene expression compared with
MCLs from normal 1-year-old rabbits. Decrease in MMP-1 with
aging was consistent with the ﬁndings of Hasegawa et al. (2013)
when evaluating aging human ACLs. This MMP/TIMP imbalance may
be unique to the ligament aging process and its relationship with sex
hormones is not well understood at this time.When rabbits underwent OVH surgery as early post-pubertal
adolescents and were evaluated as adults, creep strain (cyclic,
static, total) was increased and progesterone receptor was
decreased compared with intact normal adults which implies that
maturation of the MCL was altered in response to the removal of
the ovaries and uterus. Although the role of the progesterone
receptor (PR) is not well-studied in knee ligaments, it has been
evaluated in uterosacral ligament (USL) in the context of pelvic
organ prolapse (POP) and pubic symphysis ligament (PSL) in
pregnancy. The former is a condition characterized by disruption,
stretching or dysfunction of the structures that support the uterus
and vagina, including the USL, resulting in downward descent of
the pelvic organs (Mokrzycki et al., 1997; Jelovsek et al. 2007;
Abramowitch et al., 2009). Bai et al. (2005) demonstrated that the
USL from POP patients had lower PR protein levels when com-
pared to the USL from non-POP patients. If the POP did result from
stretching of the USL, then this could suggest a relationship
between decreased PR and increased ligament stretch which is
similar to the current study where decreased PR was associated
with increased ligament creep. Furthermore, in a guinea pig model
of pregnancy immediately before parturition, PR gene and protein
expression decreases were associated with increases in the inter-
pubic distance or PSL “relaxation” (Rodriguez et al., 2008).
Although no direct comparison between uterosacral and pubic
symphysis ligaments and knee ligaments exists, these ﬁndings
suggest a possible relationship between decreased PR and
increased ligament stretch.
Fig. 2. Molecular Properties of MCLs from adolescent OVH, normal, and adult OVH rabbits: (A) lubricin/PRG4, (B) collagen I, (C) progesterone receptor, (D) decorin. OVH,
ovariohysterectomy. Normal MCL data from Thornton et al. (2015a). The diamond symbol on the boxplot indicates an outlier. *pr0.05.
Fig. 3. Biochemical Properties of MCLs from adolescent OVH, normal, and adult OVH rabbits: (A) collagen content, (B) water content. OVH, ovariohysterectomy. Normal MCL
data from Thornton et al. (2015a). The diamond symbol on the boxplot indicates an outlier. p^¼0.06 with outlier and p¼0.02 without outlier; pZ0.1 with outliers and
pr0.04 without outliers.
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OVH rabbits, decreased progesterone receptor, lubricin/PRG4 and
collagen I expression were linked with increased static creep strain
and total creep strain. The apparent lack of effect on cyclic creep
strain comparing adolescent OVH and adult OVH MCLs may
represent a balance between (a) the link between increased cyclic
creep strain and decreased progesterone receptor expression in
adolescent OVH MCLs compared with normal MCLs, and (b) thelink between decreased cyclic creep strain and decreased lubricin/
PRG4 and collagen I expression in adult OVH MCLs compared with
normal MCLs.
Räsänen and Messner (2000) found no difference in modulus
for adult rabbit MCLs when ovariectomy surgery was performed
on late post-pubertal rabbits (21-week-old). In the current study,
we found no effect on modulus for adult rabbit MCLs when
ovariohysterectomy surgery was performed on early post-pubertal
D.B. Lemmex et al. / Journal of Biomechanics 49 (2016) 382–387 387rabbits (15-week-old) but did detect a signiﬁcant effect on mod-
ulus when ovariohysterectomy surgery was performed on adult
rabbits (1-year-old). After sexual maturity in the rabbit (12-week-
old to 14-week-old), induction of surgical menopause does not
appear to affect the modulus until after skeletal maturity (40-
week-old to 44-week-old) (Achari et al., 2008). Decrease in mod-
ulus was associated with increase in lubricin/PRG4 gene expres-
sion, which does not appear to occur until menopause is induced
after skeletal maturity.
Lubricin/PRG4 gene expression was not conﬁrmed with protein
expression because suitable rabbit-speciﬁc reagents for lubricin/
PRG4 are not available; however, gene expression had been con-
ﬁrmed with protein expression for canine and bovine ligaments
(Sun et al., 2006; Lee et al., 2008). Most MCLs failed in the mid-
substance of the ligament except for 2 of 7 adult OVH MCLs that
triggered the load cell safety limit before complete failure and the
maximum recorded force was used as a conservative estimate.
While this could have underestimated the failure strain of adult
OVH MCLs, the failure strain was increased when comparing adult
OVH MCLs with normal MCLs (Fig. 1d). Previous studies have
documented decreased serum estrogen levels 2–14 weeks fol-
lowing ovariectomy surgery to induce surgical menopause in
adolescent and adult rabbits (Aikawa et al., 2003; Komatsuda et al.,
2006; Yang et al., 2011; Abramov et al., 2013).
In summary, the ﬁndings from this preclinical model suggest
that surgical menopause as adults did not change total creep strain
and UTS but did increase failure strain and decrease modulus
which may suggest that these ligaments are more damaged or
more susceptible to damage than ligaments that are not exposed
to estrogen withdrawal. When surgical menopause was induced as
adolescents, creep strain was increased with decreased proges-
terone receptor gene expression. Surgical menopause as adults
resulted in speciﬁc changes in modulus, failure strain and lubricin/
PRG4 gene expression in ligaments which were similar to the
changes observed in aging ligaments which may suggest a form of
accelerated aging in this preclinical model.Conﬂict of interest statement
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